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This  final  report  on  the  evaluation  of  nev  cathode-anode  couplea  for  second- 
ary  batteries  vas  prepared  by  the  Radio  Corporation  of  America,  Semiconductor 
and  Materials  Division,  Somerville,  Rev  Jersey.  The  program  la  sponsored  by 
the  Flight  Accessories  laboratory  of  the  Flight  Vehicle  Power  Branch,  Aero¬ 
nautical  Systems  Division,  Air  Force  Systems  Command,  Uhlted  States  Air  Force. 
Wayne  3.  Bishop  and  James  E.  Cooper  were  the  project  engineers  for  the  Flight 
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ABSTRACT 


A  final  report  1*  presented  covering  an  investigation  of  the  nost  direct 
and  systematic  approach  in  selecting  the  aoet  promising  materials  for 
the  development  of  higher  capacity  secondary  batteries  for  space  applica¬ 
tions. 

The  experimental  approach,  materials,  and  necessary  precautions  required 
in  molten- salt  technology  are  sunmarised.  Advantages  and  disadvantages 
of  the  various  molten  salt  electrolytes  considered  are  presented. 

Experimental  procedures  and  couple  materials  investigated  are  discussed. 
The  experimental  results  for  the  molten-salt  cells  investigated  are 
presented.  Data  are  presented  for  cells  with  fluoride,  chloride  and 
sulfate  molten-salt  electrolyte. 

Objectives  and  results  of  a  ceramic  separator  study  phase  of  the  program 
are  included.  The  design  of  a  molten-salt  secondary  battery  vhich  sms 
constructed  during  the  course  of  the  program  is  described,  along  vlth 
fabrication  procedures  of  this  battery.  Theoretical  calculation  for  the 
initial  heat  input  versus  heat  output  and  the  heat  loss  due  to  cell  radia¬ 
tion  is  presented.  Recoasendation  for  future  work  and  conclusions  in  both 
areas  are  given. 

The  publication  of  this  report  does  not  constitute  approval  by  the  Air 
Force  of  the  findings  or  conclusions  contained  herein.  Zt  is  published 
for  the  exchange  and  stimulation  of  ideas. 
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i.  httroductiow 


The  development  of  secondary  batteries  with  higher  capacities  than  those 
currently  used  for  space  applications  required  a  re-evaluation  of  the 
active  aaterials. 

The  objective  of  this  program  vas  to  provide  design  criteria  for  the 
development  of  long-life,  light-weight  secondary  batteries  through  the 
investigation  of  new  anode-cathode  couples  and  their  associated  electro¬ 
lytes  and  separators.  Tor  the  selection  of  new  anode-cathode  couples,  it 
was  established  that  the  theoretical  energy- to-weight  ratio  of  the  react¬ 
ant  ante rial,  based  on  their  free  energy  release  at  25  *C,  should  not  be 
less  than  500  watt-hours  per  pound. 

The  most  direct  and  systematic  approach  to  the  selection  of  the  most 
promising  aaterials  vas  through  the  consideration  of  the  aapere-hour-per- 
pound  capacity  and  theoretical  half -cell  potential  of  the  possible  anode 
and  cathode  materials.  Data  for  the  pounds  of  material  required  to  supply 
500  ampere -hours  and  theoretical  reversible  potential  in  an  aqueous  electro¬ 
lyte  system  of  some  representative  cathode  materials  are  given  in  Table  I, 
and  similar  data  for  some  representative  anode  materials  are  given  in 
Table  II.  The  theoretical  capacity  (c)  in  watt-hours  per  pound  of  various 
couples  can  be  calculated  from  the  data  in  Tables  I  and  II  by  the  following 
equation: 


<«x  -  Bc) 

C  *  500  *  C  (1) 

(lba  ♦  lbc) 

where  &A  is  the  reversible  emf  of  the  anode,  B_  is  the  reversible  emf  of  the 
cathode,  lb  is  the  weight  in  pounds  of  anode  material  required  to  supply 
500  ampere -Hours  of  electrical  energy,  and  lb  is  the  weight  in  pounds  of 
cathode  material  required  to  supply  500  smpe re-hours  of  electrical  energy. 

This  equation  shows  that  the  desirable  materials  should  have  a  high  ampere- 
hour-per-pound  capacity  and  that,  if  one  of  the  reactant  materials  does  not 
have  a  high  capacity,  S.  -  L  must  be  large.  The  ratio  within  the  brackets 
must  also  be  greater  than  1  for  a  particular  couple  to  have  a  theoretical 
capacity  greater  than  500  watt-hours  per  pound. 


Manuscript  relsssed  by  ths  authors  January  1963  for  publication  as  an  ASD 
Technical  Doevmwntary  Report. 
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TABLE  I.  THEORETICAL  PROPERTIES  0?  SOME  CATHODE  MATERIALS  INVESTIGATED 

UNDER  THIS  PROGRAM. 


CATHODE  MATERIAL 

— 

lb 

c 

POUNDS 
(per  500 
amp-hour) 

ea 

(anf) 

ea 

(mf) 

Oxygen 

0.33 

-1.23 

-0.401 

■-Dinitrobenzene 

0.59 

-O.87 

- 

Sulfur 

0.66 

-0.141 

0.48 

Fluorine 

0.78 

-2.87 

2.87 

_  *2  _  0 

Cu  Cu 

1.3 

-0.34 

- 

Chlorine 

1.46 

-1.37 

-1.37 

Cupric  Oxide 

1.65 

- 

0.224 

Manganese  Dioxide  (2e) 

1.77 

-1.28 

- 

M*2  Pd° 

2.20 

-0.83 

- 

2.23 

-0.79 

- 

Silver  II  Oxide 

2.54 

• 

-0.57 

Silver  Chloride 

5.94 

0.222 

• 

Cuprous  Chloride 

4.07 

-.522 

- 

Nickel  Chloride 

2.68 

- 

- 

Nickel  Oxide 

1.54 

< 

1 

0.5 

(appro*) 

MT-I05 
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TABLE  II.  THEORETICAL  PROPERTIES  OP  THE  ABODE  MATERIAL  HVESTIQATED  UNDER 

THIS  PROGRAM. 


~  " '  .  ‘  “  . .  J 

ANODE  MATERIAL 

lb 

a 

POUNDS 
(per  500 
amp-hr) 

ea 

(mf) 

"  11  -  * 

H 

(aaf) 

Hydrogen 

0.0415 

0.0 

O.83 

Hydrocarbon* 

0.085  -  0.1 

- 

- 

Boro hydride* 

0.11  -  .12 

- 

- 

Beryllium 

0.185 

1.7 

2.3 

Lithium 

0.285 

3-0 

3-0 

Aluminum 

0.37 

1.67 

2.35 

Titanium 

0.49 

0.95 

- 

Magneaiua 

0.50 

2.34 

2.67 

Chromium 

0.71 

0.71 

1.2 

Iron 

1.14 

0.44 

0.87 

Manganese 

1.14 

1.05 

1.47 

Zinc 

1.34 

0.76 

1.22 

Cadmium 

2.31 

0.402 

0.815 

Lead 

4.26 

0.126 

0.578 

KT-104 


ASD-TLR-63-1I5 


3 


It  is  recognized  that  many  of  the  potentials,  in  particular  those  in  Table  II, 
are  values  calculated  from  other  thermodynamic  data,  and  are  not  attainable 
in  aqueous  electrolytes.  The  variation  of  the  theoretical  potential  does  not 
vary  enough  to  change  general  conclusions  on  the  classes  of  available  anode 
and  cathode  materials  listed  below.  Ibis  is  particularly  true  of  the  anodes, 
which  determine  the  selection  of  electrolyte  systems.  A  detailed  listing 
of  theoretical  capacities  is.  not  given  because  such  a  listing  would  require 
a  critical  evaluation  of  the  sources  of  information,  such  as  the  free  energy 
of  ions  and  standard  states  in  these  solvents. 

For  ease  of  discussion,  the  available  cathode  materials  may  be  grouped  into 
four  general  classes: 

a.  low-molecular-weight  elements,  e.g.,  Fg,  Clg,  Og,  Hg,  and  S. 

b.  inorganic  compounds  with  a  high  available-oxygen  content,  e.g., 

OsOj^,  CuO,  AgO,  NiOg,  and  MnOg  (2-electron  change). 

c.  metal -metal  ion  electrodes 

Cu*l - *-  Cu,  Ag*  -  Ag,  Rh** - ►  Rh,  Sb*^-- -Sb 

d.  organic  materials,  e.g.,  qulnone,  nitroguanidine. 

The  available  anode  materials  on  the  basis  of  their  ampere-hour  capacity  and 
theoretical  emf  in  aqueous  electrolytes  may  be  classed  as  follows: 

a.  the  low-molecular-weight  metals  in  Group  1A,  IIA,  and  Al. 

b.  hydrogen. 

c.  metals  in  the  fourth  row  of  the  periodic  chart  in  Groups  VI,  VII, 
and  VIII. 

d.  boron  and  its  hydrides. 

e.  carbon  and  its  derivatives. 
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SUMMARY 


The  reversibility  of  various  anode -cathode  combinations  using  a  molten-salt 
electrolyte  has  been  demonstrated.  Magnesium  has  been  shown  to  be  the  most 
desirable  anode  material  when  coupled  with  any  of  a  variety  of  oxide  and 
chloride  cathode  materials.  A  molten-chloride  electrolyte  was  found  to  be 
most  desirable  because  it  eliminated  numerous  problems  with  respect  to 
containment,  high  temperature,  and  chemical  ccmplexing  problems  which  were 
encountered  when  molten  fluorides  and  sulfate  electrolytes  were  used. 

A  ceramic  body  (lO£  Na^O)  has  been  developed  which  permits  single-ion 
mobility  of  sodium  lonf  thereby  permitting  it  to  be  used  as  a  stable  separator 
in  a  molten-salt  secondary  battery.  Other  ceramics  capable  of  permitting  ion 
mobility  of  ions  other  than  sodium  (e.g.,  lithium,  ogygen)  have  been  investigated. 

A  molten-salt  secondary  battery  has  been  constructed.  This  2.6-volt  battery 
was  capable  of  a  20-ampere  discharge  for  35  minutes.  The  relationship  of  heat 
input  to  heat  output  and  the  beat  loss  due  to  cell  radiation  of  this  battery 
have  been  calculated. 
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3.  TECHNICAL  DISCUSSION 


3.1  GOfERAL 


The  main  objective  of  this  program  vas  to  provide  design  criteria  for  long¬ 
life,  light-veight  secondary  batteries  through  the  investigation  of  nev 
cathode-anode  couples  and  their  associated  electrolytes  and  separators.  To 
this  end,  a  magnesium/ nickel  chloride/nickel  molten-salt  secondary  battery 
of  2.60  volts  vas  fabricated  to  demonstrate  the  feasibility  of  the  system 
for  aerospace  applications.  In  this  report,  the  method  of  construction  and 
electrochemical  calculations  of  this  battery  are  presented  along  with  recom¬ 
mendations  for  future  work. 


3.2  EXPERIMENTAL  APPROACH 


The  experimental  studies  of  molten- salt  systems  were  conducted  to  detenoine 
the  reversibility  of  various  anode-cathode  couples  under  charge  and  discharge 
conditions.  Combinations  of  knovn  reversible  anode  and  cathode  materials 
were  used  in  the  cells  studied.  Because  of  the  various  anode  and  cathode 
materials  to  be  evaluated,  many  possible  combinations  of  electrodes  existed. 
In  each  group,  the  anode-cathode  combinations  used  ceramic  separators.  Hie 
groups  vere  divided  as  follows: 


Group 

Anode/ Separator/ Cathode 

a. 

M  /ceramic/M  Cl,  M  Cl/M 
ft  81  C  C 

b. 

Mb/MbCl  ,  NaCl/ceramic/NaCl  ,  McCl/Mc 

where: 

c. 

Mjj/MjjCl  ,  RaCl/ceramic/Mg  ,  McCl/Mc 

M. 

* 

Anode  material  having  a  cation  which  is  mobile  in  the 
oermmic  separator. 

«b 

- 

Anode  material  having  a  cation  which  is  not  mobile  in  the 
ceramic  separator. 

r 
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M  Cl/M  *  Various  nvt&l -metal -loo  cathodes . 
c  c 


Mfl  =  Various  metal -sulfate  electrolytes. 

M  0/M  =  Various  metal- oxide  cathodes  vhich  function  revere  iblly 

v  c  as  electrodes  of  the  second  kind. 


The  couples  chosen  for  experimental  purposes  vere  selected  on  the  basis  of: 

a.  simplicity  of  the  composite  system. 

b.  known  reversibility  of  the  components. 

c.  watt-hour  capacity  of  the  reactant  materials. 


Table  III  lists  the  anode-cathode  couples  selected  for  evaluation  In  a  molten- 
salt  electrolyte.  These  couples  were  selected  on  the  basis  of  the  theoretical 
capacity  of  the  reactant  materials  at  an  operating  temperature  of  700*C  and 
the  known  reversibility  of  the  selected  electrodes. 


3.3  SELECTION  OF  ANODE  ELECTROLYTE  AND  CATHODE  MATERIALS 
3*3.1  Anode  Materials 


Because  of  their  high  ampere-hour  capacity  and  theoretical  electromotive 
force,  the  alkali  and  alkaline-earth  metals  and  aluminum  were  shown  to  be 
the  most  desirable  anode  materials.  In  addition,  these  anode  materials 
were  selected  for  use  in  the  program  because  of  their  ability  to  be  used 
with  a  wide  range  of  metal-metal  Ira  cathodes  and  various  metal-oxide 
cathodes  which  function  reversibly  as  anodes  of  secondary  cells. 


3.3*2  Electrolytes 


Since  the  anode  materials  used  in  the  existing  program  are  irreversible 
in  aqueous  electrolytes,  they  must  be  used  with  nonaqueous  electrolytes. 
Molten  salts  were  selected  as  electrolytes  because  of  their  relatively 
high  conductivity  in  comparison  with  other  nonaqueous  electrolytes,  and 
because  a  considerable  amount  of  experimented,  data  has  been  published 
which  indicates  that  reversible  electrodes  are  feasible  in  this  type  of 
electrolyte.  A  comparison  of  the  electrical  conductivity  and  operating 
temperature  range  of  some  of  the  electrodes  considered  is  shown  in  Figure 
1  and  2.  It  should  be  noted  that  the  conductivity  and  tmnperature  range 
for  molten  salts  is  higher  than  those  of  all  other  systems. 
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Some  of  the  Important  generalizations  which  can  be  made  about  molten 

salts  are: 

a.  Experimental  data  show  that  the  various  anode  and  cathode 
materials  under  consideration  are  reversible  in  certain 
molten  salts  (ref.  1,  2,  3.) 

Electrode  reactions  in  molten  salts  have  been  shown  to 
occur  at  appreciable  rates  vlth  little  polarization  at  their 
reversible  potential.  Pertinent  experimental  measurements 
have  been  made  by  Flengas  (ref.  2),  Laltinen  (ref.  4,  5) 
Dellmarskll  (ref.  6,  7,  8,  9,  10,  11,  14),  Plontelli  (ref. 

12,  13),  and  Maskovets  (ref.  15). 

b.  Comparison  of  electrical  conductivity  of  the  various  classes 
of  electrolytes  presented  In  Figure  1  shows  that  molten  salts 
are  the  best  electrolytic  conductors.  The  discharge  data 
obtained  in  thermal  cells  indicate  that  polarization  of  cells 
with  a  molten- salt  electrolyte  will  be  low.  Both  factors  are 
favorable  to  the  design  of  a  molten-salt  secondary  battery. 

c.  The  operating  temperature  range  is  over  4oo*C  for  molten  salts 
that  are  stable  with  respect  to  reactant  materials.  There  are 
a  few  exceptions  to  this  statement.  The  principle  exceptions 
are  molten  salts  containing  alunlnum  and  asmonium  ions  which 
would  be  used  with  an  aluminum  anode.  The  success  of  couples 
In  molten  salts  is  determined  by  solution  of  the  containment 
problems  and  problems  associated  with  the  solubility  of  the 
reactants  in  the  molten- salt  electrolyte. 

A  major  design  problem  was  the  development  of  an  electro- 
chemically  and  thermally  adequate  separator.  This  is  discussed 
further  in  this  report. 


3. 3. 2.1  Molten-Chloride  Electrolytes 


A  molten- chloride  electrolyte  has  several  desirable  characteristics, 
including  high  stability,  high  conductivity,  and  a  low-melting  point 
with  respect  to  other  molten  salts.  In  addition,  more  data  are 
available  on  chloride  melts  than  on  any  other  electrolyte  with  the 
possible  exception  of  molten  fluorides. 


The  major  disadvantage  of  a  molten-chloride  electrolyte  is  its  corrosive 
nature  and  its  ability  to  complex  seme  of  the  desirable  anodes  and  cathodes. 
However,  various  studies  reported  in  the  literature  indicate  that  molten- 
chloride  electrolytes  are  suitable  with  respect  to  the  ionic  conductivity 
required  for  the  present  application.  In  order  to  eliminate  the  commonly 
observed  oxychloride  formation  in  a  molten- chloride  system,  precautions 
which  are  discussed  in  this  report  were  taken  to  use  only  anhydrous  materials. 
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3. 3-2. 2  Molten- Sulfate  Electrolytes  on  the  Cathode  Side 


The  distinct  advantages  of  a  sulfate  electrolyte  are  its  lover 
tendency  to  complex,  and  the  relative  ease  vith  vhich  it  nay  be 
dried  to  an  anhydrous  condition.  One  disadvantage  is  the  inst¬ 
ability  of  the  sulfate  ion  vith  some  of  the  reactant  anode  materials 
investigated.  Hovever,  this  disadvantage  is  eliminated  when  the 
sulfate  electrolyte  is  used  only  on  the  cathode  side  of  the  cell  and 
is  physically  separated  from  the  anode  material  by  the  ceramic  separator. 


3. 3 >2. 3  Molten- Fluoride  Electrolyte  on  the  Anode  Side 


An  Initial  investigation  on  the  use  of  an  aluminum  anode  involved 
the  use  of  A1C1,  and  NaCl  eutectic  electrolyte.  Because  of  the 
vapor  pressure  and  hydroscopic  nature  of  A1C1-,  the  results  obtained 
in  initial  tests  vere  erratic.  In  metallurgical  practice,  electro¬ 
lysis  of  aluminum  is  made  possible  by  the  use  of  the  metal  fluoride 
(A1F-) .  Therefore,  emphasis  was  placed  upon  the  use  of  a  fluoride 
electrolyte  on  the  anode  side  of  the  experimental  cell. 


3*3*3  Cathode  Materials 


The  use  of  a  molten- salt  electrolyte  necessitated  the  selection  of  a 
cathode  material  from  the  inorganic  oxides  that  are  stable  at  high  tem¬ 
peratures,  and  vhich  have  a  high  available-oxygen  content,  such  as  HiO, 
or  a  metal,  metal- ion  electrode  such  as  AgCl.  In  the  program,  the  in¬ 
organic  oxides  vere  investigated  more  thoroughly  because  of  their  high 
theoretical  ampere-hour  capacity. 


3*3*4  Method  of  Separation 


A  basic  problem  in  the  selection  of  secondary  couples  in  systems  using 
molten-salt  electrolytes  is  the  separation  of  the  anode  and  cathode 
materials.  The  solubility  of  the  various  reversible  materials  evaluated 
vas  an  important  consideration  in  this  problem  of  active  component  separa¬ 
tion.  Various  methods  of  separation  vere  investigated.  A  reaction  me¬ 
chanism  permitting  the  reversible  mobility  of  a  single  ion  vas  selected 
as  the  best  method  of  separation.  The  Important  phenomenon  of  the  reaction 
mechanism  is  the  ability  of  a  single  ion  to  be  transported  reversibly 
through  a  ceramic  material.  The  type  of  ceramic  material  vhich  vas  de¬ 
veloped  during  the  program  permits  sodium  ion  mobility,  and  also  has  a 
higher  electrical  conductivity  and  lover  operating  temperature  than  other 
similar  materials.  Therefore,  the  coupling  of  appreciably  solube  cathodes 
to  an  alkali  or  alkaline-earth-metal  anode  vas  made  possible.  A  reversible 
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cell  based  on  thla  principle  is  illustrated  in  Figure  3.  The  electrical 
conductivity  of  the  ceramic  material  &e  a  function  of  temperature  is  shown 
in  Table  IV. 


3«3» 5  Considerations  for  Molten-Salt  Studies 


3. 3. 5*1  Reactivity  of  Molten  Salts  vith  Oxygen  and  Mater  from  Air 


Because  many  of  the  salts  under  consideration  readily  hydrolyse,  and 
since  the  anode  materials  react  vith  oxygen  and  water,  an  inert  at¬ 
mosphere  was  used. 


3«3«5»2  Containers 


The  containment  of  molten  salts  presented  many  problems  because  of 
the  temperatures  involved  and  the  corrosive  nature  of  many  molten 
salts.  Several  materials  that  were  found  satisfactory  as  containers 
are  boron  nitride,  graphite,  quarts,  pure  refractory  oxides,  and 
glass.  In  the  experimental  studies,  boron  nitride,  quarts,  and 
Pyrax  were  used. 


3«3«5<3  Purity  of  Materials 


In  general.  Investigations  of  electrode  kinetics  required  that  high- 
purlty  material  be  used.  This  is  particularly  true  of  studies  for 
the  determination  of  exchange  currents.  In  the  present  study,  how¬ 
ever,  the  degree  of  reversibility  desired  requires  a  large  exchange 
current  and,  thus,  the  effect  of  impurities  were  lessened  consider¬ 
ably.  This  does  not  mean  that  all  reasonable  precautions  should 
not  be  met.  Laltinen  and  his  co- workers  (ref.  16)  have  described 
criteria  for  electrolyte  purity  for  exchange-current  measurements. 

A  particular  problem  in  obtaining  high-purity  material  is  the 
removal  of  water  from  the  salts  without  causing  hydrolysis.  This 
require*  that  the  salts  be  dried  by  special  techniques  prior  to 
being  placed  into  the  cell.  The  procedure  developed  by  Van  Soman 
and  Janz  (ref.  IT)  was  used  in  the  present  studies  and  is  described 
in  Section  3«1*«1> 


3*3. 5*1*  Tins  to  Reach  Equilibrium 


A  general  characteristic  of  molten-salt  systsms  is  the  time  that  is 
required  for  such  systems  to  reach  equilibrium.  For  example,  systems 
have  been  reported  which  did  not  reach  equilibrium  for  20  hours  (ref  17) 
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ANODE 

ELECTROLYTE 

SEPARATOR 

ELECTROLYTE 

CATHODE 

(-)  -Mg 

MgCl2 

(Discharge) 

Na4— 

Na*  Cl” 

AgCl,  Ag-  (♦) 

(Charge) 
Na4^ _ 

NaCl 

Ceramic 

Dli charge : 


ML-382 


^  - - »,  Mg*"*  4e 

AgCl  4  e  . — —  Ag  +  Cl” 

Mg  4  2AgCl  . ■*■■  MgClg  4-  2Ag 


Charge: 


Mg**  +  e  »  Mg 

Ag  ♦  cl"———*-  AgCl  ♦  e 
MgClg  4  2Ag  - -  Mg  4  2AgCl 


FIGURE  3.  MECHANISM  AND  REACTIONS  OCCURRING  IN  A  MAGNESIUM/ SILVER-CHLORIDE 

COUPLE  WITH  A  CERAMIC  SEPARATOR. 
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TABLE  17.  RESISTIVITY  OP  A  COWDUCTIBQ  CERAMIC  SEPARATOR 
AS  A  FUHCTIOH  OF  TEMPERATURE. 


RESISTIVITY 
(Otam  -cm) 

TBCPERATURE 

Cc) 

730 

400 

420 

450 

140 

550 

64 

650 

42 

700 

25 

860 

20 

900 

*Labrle  and  Last),  J.  Elaetrochaa.  Soc.,  106.  89?  (1959( 


Separator  Composition:  HtgO  *  lOjl 

SiOg  *-  54* 

A1203  »  3# 
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after  reaching  the  test  temperature.  Also,  the  rate  »t  which  the 
system  ii  brought  to  temperature  has  been.  found  to  be  a  factor  in 
obtaining  reproducible  meaeuremente  (ref.  18).  Usually  a  low  rate, 
on  the  order  of  several  hours  of  tsmperature  increase,  is  the  most 
desirable.  At  this  tine,  there  is  no  reasonable  explanation  of 
this  phenansnon  and  optima  conditions  must  be  determined  empirically. 


3.3.5. 5  Volatility 


Some  salts  develop  a  high  vapor  pressure  well  below  their  normal 
boiling  point.  This  is  an  Important  consideration  when  using  couples 
with  alumlnun  halides.  This  condition  also  necessitates  a  closed 

system. 


3 .3* 5* 6  Temperature  Control 


The  uniformity  of  the  temperature  within  the  cell  is  also  of  prime 
Importance.  Therefore,  the  design  of  the  furnace  must  limit  heat 
leakage,  insure  good  thermal  contact  to  the  cell  electrolyte,  and 
prohibit  thermal  gradients  within  the  electrolyte. 


3. 3«5* 7  Electrical  Contact 


The  making  of  electrical  contact  to  the  reactive  anode  requires  that 
the  material  used  be  inert.  This,  therefore,  limited  the  material 
possibilities  considerably.  In  addition,  because  of  a  thermoelectric 
effect  (ref.  19)  it  is  desirable  to  use  the  seme  material  for  electri¬ 
cal  contact  to  both  the  anode  and  cathode. 


3 .3. 5« 8  Accessibility  to  Cell  Contents 


Accessibility  to  the  cell  contents  during  the  course  of  the  run  is 
desirable  in  experimental  cells  and  thus  was  considered  in  the  cell 
design. 


3.1t  EXPKRDOTTAL  PROCEDURES  AJTD  COUPLE  MATERIALS  IHVB9TIQATED 


The  experimental  apparatus  and  the  experimental  cell  for  measurements  of  smf 
and  polarisation  for  the  various  anode-cathode  couples  with  a  molten  electro¬ 
lyte  are  illustrated  in  Figure  k.  The  lower  section  of  this  cell  was  con¬ 
structed  of  l*0-ne-dlameter  quarts  tubing.  This  section  is  connected  to  a 
standard  taper  50/50  Pyrex  ground-glass  joist  to  permit  lsterchsnge  of  various 
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electrodes  end  easy  accessibility  for  the  addition  of  various  Materials.  Za 
this  upper  section  of  the  cell,  there  are  tvo  Joints  through  which  electrical 
contact  is  made  to  the  electrodes,  a  thermocouple  veil,  a  gas-release  valve, 
and  a  three-way  stopcock  for  gas  inlet  and  vacuum  outlet. 


In  order  to  protect  the  contents  of  the  cell  from  atmospheric  contamination, 
purified  argon  gas  (ref.  20,  21)  was  continually  Introduced  into  the  cell, 
and  excessive  gas  pressure  was  released  by  means  of  the  pressure-release  valve. 
In  order  to  protect  the  outside  Jacket,  an  inner  crucible  was  added  to  the 
electrochemical  cell.  The  composition  of  the  inner  crucible  was  determined  by 
the  couple  being  studied,  and  is  described  with  the  particular  couple. 


A  feeder  tube  was  included  in  the  cell.  This  tube  prevented  the  exposure  of 
the  salts  to  the  atmosphere  during  the  assembly,  and  thereby  prevented  moisture 
absorption.  In  addition,  this  tube  permitted  the  addition  of  the  salts  after 
all  the  components  of  the  cell  had  been  assembled  and  in  this  vay  added  to  an 
Improved  geometry  of  the  electrodes.  All  these  procedures  were  carried  out 
in  a  dry  box. 


A  stirrer  was  incorporated  into  the  cell  design  in  some  studies  in  order  that 
equilibrium  could  be  attained  In  the  system  more  rapidly. 


The  circuit  diagram  for  the  electrical  measurements  during  charge  and  dis¬ 
charge  is  shown  in  Figure  5* 


3.4.1  Preparation  of  Salts  for  Electrolyte 


In  preliminary  tests,  the  salts  were  stored  in  a  vacuum  for  a  period  of 
three  to  four  days.  It  was  believed  that  any  minute  quantity  of  moisture 
would  be  removed  in  this  vacuum.  However,  after  the  initial  runs,  there 
was  evidence  of  an  oxychloride  formation  in  the  electrolyte.  The  erratic 
results  in  early  studies  were  attributed,  in  part,  to  this.  The  set-up 
that  was  employed  for  the  purification  of  the  salts  is  presented  in 
Figure  6.  The  salts  vere  dried  in  a  vacuum  oven  at  110 *C  for  24  hours 
and  then  mixed  thoroughly  in  a  ball  mill.  The  mixture  was  placed  in  the 
filtration  apparatus  and  dry  HC1  gas  was  passed  over  the  surface  of  the 
powdered  salts  while  the  temperature  gradually  increased.  Considerable 
amounts  of  water  vere  removed,  as  was  evidenced  by  the  formation  of  water 
in  the  gas  outlet  tubes. 


Once  the  salts  vere  molten,  HC1  gas  was  passed  at  a  vigorous  rate  until 
no  more  water  appeared  to  be  evolved.  The  passage  of  HC1  then  continued 
for  two  hours,  followed  by  a  purge  with  argon  to  remove  all  traces  of  Hd 
from  the  melt.  The  salts  vere  then  filtered,  cooled,  crushed,  and  stored 
in  screw-cap  Jars.  Following  this  processing,  the  salts  were  used  for 
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FILTRATION  APPARATUS  FOR  PURIFICATION  OF  MOLTEN  SALTS. 


ASD-TW-63-115 


20 


experiments  by  taking  the  required  quantities  and  treating  them  for  a 
short  period  of  time  with  HC1  gas  to  remove  any  adsorbed  water  on  the 
surface  of  the  eutectic.  This  experimental  precaution,  although  time 
canaualng,  was  a  necessary  factor  in  obtaining  stable  potential  measure¬ 
ments  in  molten  salt  electrolytes. 


3.4.2  Experimental  Results  For  Molten- Salt  Cells 

3.4. 2.1  Couples  vlth  Molten-Chloride  Electrolyte 
Mg -AgCl/ Ag_Cou£le 


The  couple  Kg-AgCl, Ag  was  selected  to  demonstrate  the  feasibility  of 
couples  of  the  basic  types  M^/M^Cl  ,  BaCl/Ceremic/HaCl  ,  McCl/Mc. 


Results  were  obtained  on  several  different  experimental  cells,  as 
shown  in  figure  7  end  8. 


The  discharge  voltage  of  the  Mg-AgCl/Ag  couple  os  a  function  of 
current  drain  is  shown  in  Figure  7.  It  con  be  seen  that  the  cell 
does  not  polarize  appreciably  at  a  given  current  density  as  a 
function  of  time.  The  large  internal-resistance  drop  is  due  to  the 
relatively  thick  ceramic  separator.  The  data  in  Figure  7  were 
obtained  on  cells  which  hod  not  been  discharged  prior  to  measurement. 


Figure  8  shows  data  obtained  with  a  charge  cycle  of  1$  minutes  at  15 
milllamperes,  followed  by  a  15-minute  discharge.  The  charge  and  dis¬ 
charge  data  for  the  unplotted  cycles  are  intermediate  between  the 
plotted  curves.  The  small  degradation  in  discharge  voltage  and  the 
increase  in  charging  voltage  as  a  function  of  the  cycle  life  are  at¬ 
tributed  to  a  slow  attack  on  the  ceramic  separator  by  the  msgnesii* 
anode.  This  effect  was  indicated  by  a  small  amount  of  darkening  of 
the  ceramic  separator  in  the  anode  comportment  after  the  cell  was 
disassembled. 


The  cells  were  operated  for  a  period  of  96  hours  at  a  temperature  of 
700*C  before  being  disassembled  for  inspection.  The  only  physical 
change  of  any  of  the  various  cell  components  was  the  darkening  mentioned 
above. 


Because  of  the  known  reversibility  of  this  couple,  sad  the  results 
obtained  above,  on  attempt  wi  made  to  build  a  cell  on  a  capacity  basis. 
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FIGURE  7.  DISCHARGE  VOLTAGE  FOR  Ks-A^Cl/Ag  CELL. 
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FIGURE  8.  CHARGING  AND  DISCHARGING  CYCLES  FOR  Mg-AgCl/Ag  CELL. 


The  lov-aap«r«-hour  capacity  of  AgCl  vaa  recognized.  However,  the 
objective  of  this  teat  mu  to  evaluate  the  eyaten  aa  a  power  cell. 
The  electrocheaical  structure  of  this  cell  was  as  follows: 


Kg/NgClg  ,  HaCl/ceraaic/HgClg  ,  HaCl,AgCl/Ag 

The  experimental  arrangement  and  description  of  the  couple  are 
given  below: 


Electrodes: 


Anode  .25  gram  magnesium,  molten 

Cathode  3*8  grams  silver  powder,  pressed  on  a 

silver  grid,  and  anodized  in  211  HC1 


Electrolyte  (Excess): 
Anolyte 
Catholyte 
Separator 

Operating 


MgClg  ,  HaCl  (U8  ,  52  mole-*) 

MgClg  ,  MCI  ,  AgCl  (U-5  ,  50  ,  5  mole-*) 

Ceramic  tube  (approximate  area  of  1.32 
square  inches) 

700*c 


figure  9  shows  the  geaaetric  configuration  of  this  cell.  This  cell 
was  discharged  at  a  current  of  Uo  aa,  and  the  discharge  curve  of 
this  cell,  at  40  am,  is  presented  in  Figure  10.  The  curve  shows  that 
the  cell  voltage  dropped  rapidly  with  respect  to  discharge  rate  and 
time.  Since  these  results  showed  no  Improvsant  over  this  couple  when 
solid-silver  sheet  was  used,  the  experiment  was  discontinued. 


The  Li-AfiCl/Ag_Cou2l* 


To  demonstrate  the  reversibility  of  lithium  as  an  anode  material,  a 
Li-AgCl/Ag  couple  was  fabricated. 


This  test  cell  was  fabricated  with  molybdenum  tube  inserted  inside 
the  upper  portion  of  the  ceramic  separator  tube.  The  molybdenum 
insert  was  to  protect  the  ceramic  from  attack  by  the  molten  llthlua 
metal  which  floats  on  the  electrolyte.  Lithlim  forws  the  commonly 
observed  metal  "fog”  which  makes  the  selection  of  the  electrolyte 
critical.  Lithium  ions  also  reduce  the  ionic  conductivity  of  the 
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FIGURE  9.  CELL  CONFIGURATION  OF  Mg-AgCl/Ag  MOLTEN- SALT  BATTERY. 
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ceramic ,  thereby  decreasing  the  efficiency  of  the  couple  under 
investigation.  A  possible  solution  to  this  problea  is  presented  in 
Section  3-5-1*.  The  molybdenum  tube  helps  to  protect  the  ceramic  from 
this  contamination.  Figure  11  Illustrates  the  configuration  of  the 
ceramic  separator  tube. 


The  configuration  of  this  cell  was  as  follows: 


Li/UCl  ,  RaCl/ ceramic/MgClg  ,  NaCl,AgCl/Ag 


The  experimented  arrangement  and  description  of  this  couple  are  given 
below: 

Electrode : 


Anode 

Cathode 

Electrolyte  (access): 
Anolyte 
Catholyte 
Container 
Separator 


0.1  gram  lithium 

0.005  gram  silver  plated  on  one  square 
inch  of  platinum 

Li Cl  ,  RaCl  (60  ,  40  mole-*) 

HaCl  ,  MgClg  ,  AgCl  (50  ,^5,5  mole-*) 
Quarts  insert 

Ceramic  tube  (approx,  area  of  1.32  square 
inches) 


Operating  Temperature  700*C 


Representative  charge  and  discharge  cycles  of  this  cell  are  presented 
in  Figure  12.  The  cell  was  cycled  twice  at  a  current  of  10  ma,  and 
reversibility  was  exhibited.  The  open-circuit  voltage  of  this  cell 
was  2.10  volts,  which  is  0.60  volts  lover  than  the  theoretical  open- 
circuit  voltage.  At  this  time,  there  is  no  acceptable  explanation 
for  the  low  voltage. 


The  Mg-HlClg/Nl  System 


The  geometric  configuration  of  this  cell  is  the  same  as  illustrated 
in  Figure  11.  This  systmn  enables  the  use  of  the  KgCl.  ,  HaCl 
eutectic  as  the  electrolyte  for  both  conpeutments  of  tBe  cell. 


CERAMIC  TUBE 


MOLYBDENUM  INSERT  TUBE 


MOLTEN  LITHIUM 


MOLTEN  SALT 
(Li  Cl,  No  Cl) 


ML- 566 


FIGURE  11.  MOLTODaftM  INSERT  TUBE  ARRANGEMENT  FOR  Li-AgCl/Ag  COUPLE. 
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Hence,  the  melting  point  of  the  magnesium  anode  (650*C)  need  not  be 
exceeded  to  bring  the  electrolyte  to  ite  molten  state  since  the 
melting  point  of  the  electrolyte  is  450*C.  The  advantage  of  this 
system  is  that  the  surface  area  per  unit  weight  of  aagnesium  can  be 
greatly  increased  by  the  design  of  the  electrode.  However,  when  the 
aagnesium  is  molten,  the  system  is  limited  to  the  surface  area  of  a 
sphere. 


Electrochemically  the  couple  was  set  up  as  follows: 


Mg/MgCl2  ,  NaCl/ceramic/MgClg  ,  KaCl,  NiClg/Ni 


The  cell  is  described  quantitatively  below: 

Electrodes : 

Anode  Mg  =  .5  gram;  surface  =  2  square  cm. 

Cathode  Hi  sheet  •  2  gram;  surface  «10  square  cm. 

Electrolyte  (Excess): 

Anolyte  fc  Catholyte  MgClg  ,  HaCl  (W  ,  52  nole-f) 

Separator  -  Ceramic  Tube:  area  •  1.32  square  inches. 

Operating  Temperature  500*C. 


An  initial  discharge  curve  at  20  ma  is  shown  in  Figure  13. 


The  Mg;CUCl/Cu£Pd) _Cou£le 


A  cell  constructed  with  the  configuration: 

Mg/MgCl2  ,  KaCl/ceramic/MgClg  ,  NaCl  ,  CuCl/Cu(Pd) 
was  chosen  to  demonstrate  the  reversibility  of  a  CuCl/Cu  cathode. 


The  experimental  arrangement  and  description  of  this  couple  are  given 
below: 

Electrodes : 

Anode  0.6  gram  magnesium 

Cathode  1.000  gram,  copper  plated  on  one  square 

centimeter  of  palladium,  plus  .002  gram 
CuCl  added  to  the  melt. 
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Electrolyte  (Excess): 
Aoolyts 
Cstholyte 
Container 
Separator 

Operating  Temperature 


MgClg  ,  HaCl  (48  ,  52  mol e-*) 

MgClg  ,  HaCl  ,  CuCl 
Quartz  Tube 

Cersalc  tube  (area  •  1.32  square  Inches). 
700*C. 


Typical  charge  and  discharge  data  for  this  couple  are  shown  In  Figure 
14  and  Table  V.  A  base  material,  such  as  platinum  or  palladium,  was 
required  because  of  the  large  exchange  currents  often  encountered 
with  many  electrode  combinations  in  molten-salt  systems  (ref.  2). 

In  this  test,  palladium  was  used  In  place  of  platinum  as  the  base 
cathode  material  In  order  to  eliminate  the  alloying  effect  previously 
encountered. 


At  700*C,  the  theoretical  reversible  potential  of  this  couple  Is  1.45 
volts.  However,  the  data  indicate  that  the  potential  of  this  experi¬ 
mental  cell  was  1.65  volts.  The  higher  potential  did  not  affect 
reversibility  at  charge  and  discharge  currents  of  five  mllllaaperes. 


The  Al-lfiClg/m  Couple 


A  cell  of  the  configuration  Al/AIF,  ,  HaCl/cersmlc/Had  , 

was  chosen  to  demonstrate  the  reversibility  of  a  Al/HiCl_/Hi  couple. 

The  reversible  potential  of  this  couple  Is  1.35  volts  at  700*C.  Experi¬ 
mentally,  the  couple  demonstrated  Its  reversible  potential. 


The  experimental  arrangesurat  and  description  of  this  couple  are  as 
follows: 


Electrodes : 

Anode 

Cathode 

Electrolyte  (Excess): 
Aoolyts 

Catholyte 

ASD-TER-63-115 


0.5  gram  of  aluminum 

0.005  gram  nickel,  plated  00  one  square 
Inch  of  platinum 

AIT,  ,  HaF  (60  ,  1*0  mole-*) 

J  9 

HaCl  ,  MgCl2  ,  H1C1.  (51.8  ,  47.8  ,  0.4 
mole-*) 

32 
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TABLE  V.  CHARGE  AND  DISCHARGE  DATA  OP  Mg-CuCl/ Cu(  Pd)  COUPLE, 


TIME 

(Minutes) 

CHARGE  DATA  AT  5  MA 
(Volts) 

DISCHARGE  DATA  AT  5  MA 
(Volts) 

CYCLE 

CYCLE 

2 

3 

4 

2 

3 

4 

Initial 

1.78 

1.86 

2.14 

1.65 

1.68 

1.8o 

1 

- 

- 

- 

1.56 

1.59 

1.55 

5 

2.24 

2.25 

2.20 

1.49 

1.51 

1.48 

10 

2.26 

2.25 

2.21 

1.42 

1.46 

1.45 

15 

2.26 

2.26 

- 

1.37 

1.42 

1.42 

20 

2.26 

2.26 

2.24 

- 

1.39 

1.40 

MT-101 
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Container 


Quarts  tube 

Ceramic  tube  (area  -  1.32  square  inches) 


Separator 
Operating  Temperature  700*C. 


Four  charge  and  discharge  cycles,  at  a  current  of  10  me,  were  per¬ 
formed  on  this  couple.  As  may  be  observed  from  Figure  15,  the  cell 
behaved  reversibly  with  respect  to  the  charge  and  discharge  currents 
of  10  ma.  Additional  experimental  tests  vere  conducted  on  this  couple 
in  order  to  measure  its  coulombic  capacity  and  efficiency.  Its 
estimated  theoretical  capacity  is  238  watt-hours  per  pound. 


The  Al_  ,_AgCl/Ag_Couj>le 


Dlls  couple  was  chosen  to  demonstrate  the  reversibility  of  an  aluminum 
anode.  The  configuration  and  physical  description  of  this  couple  are 
as  follows: 


Al/Al?3  ,  HaF/ceramic/HgClg  ,  HaCl,AgCl/Ag(Pt) 


Electrodes: 


Anode 

Cathode 

Electrolyte  (Excess): 
Anolyte 
Catholyte 
Container 
Separator 


0.05  gram  of  aluminum 

0.005  gram  of  silver,  plated  on  one  square 
Inch  of  platinum 

A1F3  ,  NaF  (60  ,  40  mole-*) 

MgClg  ,  HaCl  ,  AgCl  (45  ,  50  ,  5  mole-*) 
Quartz  tube 

Ceramic  tube  (approx,  area  ■  1.32  square 
inches) 


Operating  Temperature  800*C. 


The  charge  and  discharge  curves  for  this  couple  are  presented  In 
Figure  16.  The  cell  was  charged  and  discharged  at  currents  of  5  and 
10  ma.  Under  these  two  conditions  the  cell  behaved  reversibly  as 
predicted.  The  theoretical  capacity  of  this  couple  Is  151  watt-hours 
per  pound  of  reactant  material. 
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The  Hg/*iO_,_Ni  Couple 


A  cell  having  the  configuration: 


Mg/MgClg  ,  NaCl/cereaic/LigSO^  ,  Na^  ,  CaO/HiO  ,  Ni 

vac  chosen  to  demonstrate  the  feasibility  of  a  sulfate-eutectic 
electrolyte,  and  to  demonstrate  reversibility  of  an  oxide  cathode. 

The  reversibility  of  NiO,lfi  under  no-load  conditions  has  been  demon¬ 
strated.  The  experimental  arrangement  and  description  of  this  couple 
follows: 


Electrodes : 


Anode  1.5  gram  of  magnesium 

Cathode  0.5  gram  of  nickel 


Electrolyte  (Excess): 
Anolyte 
Catholyte 

Container 

Separator 

Operating  Temperature 


MgClg  ,  HaCl  (48  ,  52  mole-*) 

Li  SO.  ,  Wa  30^  ,  CaO  (70.6  ,  28.4  ,  1.0 
mole-*) 

Alumina  cup  -  Morganlte,  Inc.,  Long 
Island,  New  York 

Ceramic  tube  (area  *  1.32  square  inches) 

6oo*c. 


Typical  charge  and  discharge  data  for  this  couple  are  presented  in 
Figure  17.  The  cell  was  cycled  10  times  for  periods  of  15  minutes 
each  at  charge  and  discharge  currents  of  5  mllliamperes. 


The  cell  demonstrated  its  reversible  potential  of  1.45  volts,  and  was 
reversible  under  load,  as  shown  by  Figure  17. 


The  Mg-CUgO  ,  Cu(Pd)  Couple 


A  cell  having  configuration: 

Hg/HgClg  ,  BaCl/cersmic/UgSO^  ,  HaSO^  ,  CaO/CUgO  ,  Cu(Pd) 

operating  at  a  temperature  of  600*C,  demonstrated  the  reversibility 
of  a  CUgO/Cu  electrode. 
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DISCHARGE  TIME  (MINUTES) 


The  physical  arrangement  of  this  cell  Is  as  follows: 


Electrodes: 


Anode 

Cathode 


Electrolyte  (Excess): 
Anolyte 
Catholyte 

Container 

Separator 

Operating  Temperature 


0.8  gram  of  magnesium 

1.000  gram  of  copper,  plated  on  one 
square  cm  of  palladium,  plus  .002  gram 
of  CUgO  added  to  the  melt. 


MgClg  ,  NaCl  (48  ,  52  mole-*) 

Ha.30.  ,  Li  SO.  ,  CaO  (70.6  ,  28.4  ,  1.0 
mole-*)  *" 

Alumina  cup  -  Morganlte,  Inc.,  Long 
Island,  Rev  York. 

Ceramic  tube  (area  -  1.32  square  inches) 
600*C. 


Discharge  and  charge  data  for  this  couple  are  presented  in  Figure  18 
and  Table  VI.  This  cell  attained  its  theoretical  reversible  potential 
of  1.40  volts  at  600*C.  The  cell  was  cycled  five  times  at  a  current 
of  five  mill lampe res,  and,  as  can  be  observed  from  the  data  in  both 
the  figure  and  the  table,  the  cell  exhibited  reversibility  under 
load  conditions. 


The  Al-WiO_,_Ni  couple 


The  Al-HiO/Hi  system  vas  designed  to  function  as  a  power  cell  because 
it  vas  anticipated  that  this  couple  would  be  used  for  a  prototype 
molten- salt  secondary  battery.  The  experimental  arrangement  and  the 
qualitative  and  quantitative  materials  used  in  this  couple  are  given 
below: 


Al/A1F3  ,  HaF/ cersmic/lagSO^  ,  MgSOj/HiO  ,  HI 
Electrode: 

Anode  3.5  gram  of  altalnum 

Cathode  Two  slntered-nlckel  plates,  containing 

a  total  of  6  grams  of  pure  Hi  and  4  grams 
of  H10 
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TABUS  VI .  CHARGE  AND  DISCHARGE  DATA  OF  Mg-Ci^/O/Cu  COUPLE 


TIME 

(Minutes 

CHARGE  DATA  AT  5  MA 
(Volis ) 

TIME 

(Minutes) 

DISCHARGE  DATA  AT  5  MA 
(Volta) 

CYCI£ 

CYCLE 

B 

3 

5 

B 

3 

5 

Initial 

1.00 

0.87 

0.47 

Initial 

1.12 

1.20 

1.00 

5 

1.37 

1.49 

1.10 

1 

0.70 

0.74 

0.49 

10 

1.40 

1.52 

1.53 

2 

0.62 

0.52 

- 

15 

1.41 

1.53 

1.60 

3 

0.54 

0.48 

- 

20 

1.42 

H 

1.59 

4 

0.45 

- 

0.40 

- 

- 

" 

B 

9 

- 

0.37 

VC -102 


AS  D^TER -63-115 


42 


Electrolyte  (Excess)  : 
Catholyte 
Anolyte 
Separator 


,  KgSOj^  (56  ,  kk  mole-*) 

A1F3  ,  MaF  (50  ,  50  mole-*) 

Ceramic  tube  (area  =  I.32  sqpare  Inches) 


Operating  Temperature  0OO*C. 


Figure  19  illustrates  the  configuration  of  this  power  cell.  Figure  20 
presents  the  discharge  data  of  this  cell  at  12  and  $0  aa,  and  Figure 
21  represents  its  charge  and  discharge  data  at  various  currents.  The 
data  Indicate  the  possibility  of  designing  a  power  electrode  for  the 
present  application  by  increasing  the  surface  area  of  the  cathode. 
However,  because  of  an  apparent  attack  on  the  ceramic  tube  by  the 
flourlde  electrolyte,  and  the  high  temperature  required  to  bring  the 
electrolyte  to  its  molten  state,  the  examination  of  this  system  was 
discontinued. 


The  Hg-I10/ll  Systae 


The  geanetrlc  configuration  of  this  cell  Is  the  seme  as  shown  In 
Figure  19,  although  the  anode  and  anolyte  are  different  In  this  case. 


The  description  of  the  couple  appears  below: 


Hg/HgCl2  ,  Sad/ ceramic/HgSO^  ,  Sa^/llO  ,  Si 


2  gram  molten  magnesium 

Sintered- nickel  plates,  containing  a 
total  of  4  grams  S10  and  6  grams  Si. 


Electrode* 

Anode 

Cathode 

Electrolyte  (Excess): 
Anolyte 
Catholyte 
Separator 

Operating  Temperature 


Hgd2  ,  Bad  (M  , 
HgSO^  ,  Sa2804  (kk 
Ceramic  tube  (area 
80O*C. 


52  mole-*) 

,  56  mole-*) 

*  1.32  square  laches) 


*3 
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FIGURE  19.  CELL  COHFXQURATIOE  FOR  Al'KlO/M  MOLTER-SALT  COUPLE. 

U 


A8D-TER-63-U5 


1 

1 

I 

I 


o 


V 


A8D-TK-63-U5 


46 


FIGURE  21.  FIRST-CYCLE  CHARGE  AHD  DISCHARGE  DATA  TOR  Al/NiO  /NI 


The  charge  and  discharge  results  for  this  couple  appear  belov: 


Open  Circuit  Voltage  (o.c.v.)  =  1.60v 


DISCHARGE 

CHARGE 

Time 

PSH 

Time 

1 

Current 

(minutes) 

■kzhdI 

mE3W 

(minutes) 

BBC35DJ 

0 

1.1*0 

100 

0 

1.65 

10 

1 

.70 

100 

1 

1.70 

10 

2 

0 

100 

7 

1.75 

10 

2 

1.36 

20 

10 

1.76 

10 

3 

1.30 

20 

10 

1.80 

20 

6 

.80 

20 

20* 

2.25 

•Contact  was  broken  at  the  cathode  after  20  minutee  of  charge. 


Work  was  discontinued  on  this  cell  because  of  its  inability  to 
accept  high  charge  and  discharge  rates  without  considerable  polari¬ 
zation.  A  power  cell  with  a  molten  anode  is  considered  Impractical 
because  of  the  small  surface  area  per  unit  weight  of  the  anode.  This 
results  in  a  high-current  density  and,  thus,  considerable  anode  po¬ 
larization. 


3.5  CERAMIC  SEPARATOR  STUD* 


3.5*1  Objective 


Die  objective  of  this  study  was  to  determine  the  behavior  of  the  ceramic 
material  under  consideration  with  respect  to  its  use  in  a  molten-salt 
battery.  The  following  factors  were  considered  in  this  study: 

a.  stability  wlthrrespect  to  anode  material. 

b.  sensitivity  of  the  conduction  mechanism  to  environment. 

c.  sensitivity  of  current  reversibility  to  electrolyte  impurities. 


kj 
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d.  effect  of  aw  treaepert  on  cell  design. 

e.  temperature  gradient  in  the  eeperator. 

f.  thermal  coefficient  of  expansion. 

g.  other  elcnente  having  high  ion  nobility. 


3*5.2  Ceramic  Tube  and  Disc  Preparation 


Many  ceramic-separator  tubes  and  discs  vers  prepared  for  use  in  experi¬ 
mental  cells.  The  naterlala  used  in  the  preparation  of  the  cennlc  slip 
carried  with  then  many  Impurities  (Bed°3,  AlgOo,  CaO,  HgO)  which  are 
detrinental  to  the  ays ten,  particularly  in  reducing  the  diffusion  rate 
of  the  sodiun  ion.  To  minimize  the  effects  of  the  impurities,  a  cennlc 
was  developed  to  eliminate  the  need  for  Old  Mine  #4  Kentucky  Ball  clay 
and  Pioneer  Georgia  kaolin  clay.  These  clays  contain  potassiin  and  iron 
in  sufficient  Quantities  to  have  detrinental  effects  of  the  systems  under 
investigation.  The  chemical  compositions  of  these  two  clays  are  as  fol¬ 
lows: 


Material _ Kentucky  Ball  (i) _ Georgia  Kaolin  d) 


Si02 

51.92 

45.3* 

31.78 

37.29 

T102 

1.52 

1.5* 

*2°3 

.869 

.61 

CaO 

.21 

.25 

MgO 

.19 

.22 

Ba2° 

.38 

•35 

V 

.89 

.10 

Ignition  Loss 

12.29 

13.38 

Because  of  the  ellalnatlon  of  these  clays,  a  different  casting  procedure 
was  used.  This  new  procedure  used  toluene  as  a  easting  medium,  and  per¬ 
mitted  the  ceramic  tube  to  be  cast  without  the  addition  of  clays  to  pro¬ 
vide  workability.  The  ceramic  tubes  and  discs  were  then  fired  in  an 
electric  funaee  at  a  pyrcmetrle-cone  equivalent  to  two  (nominal  tempem- 
ture  for  heating  cycle  is  1170*C.) 
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3*5*3  Procedure  for  Preparation  of  Ceramic  Separator 


A  doctor  blade,  which  Is  a  precision  blade  that  uses  a  micrometer  ad¬ 
justment  for  positioning  blade  height,  was  used  to  fabricate  ceramic 
separators  in  thin  sheets.  The  ceramic  disc  used  was  prepared  using 
the  following  formula: 


Sodium  Silicate  (NagSiO^) 

128  g 

Alumina  ( AlgO^) 

107  g 

Silica  (Si02) 

117  g 

Kentucky  Ball 

54  g 

Georgia  Kaolin 

71  g 

This  mixture  was  then  calcined  for  30  minutes  at  1100*C,  followed  by 
pulverizing  of  the  frit  in  a  grinder.  To  the  pulverized  material,  142  g 
of  Kentucky  Ball,  111  g  of  Georgia  Kaolin,  and  350  cc  of  water  were  then 
added.  Ibis  mixture  was  milled  and  passed  through  a  ferro-fllter  in 
order  to  remove  any  traces  of  iron  which  may  have  been  picked  up  in  the 
grinding  process. 


After  drying  in  an  oven  at  100*C,  the  material  was  mixed  with  an  organic 
binder  (VYHC,  a  mixture  of  polyvinyl  acetate  and  polyvinyl  chloride)  and 
a  solvent  carrier  (methyl  ethyl  ketone) .  Ibis  material  was  then  cast  by 
means  of  the  doctor-blade  process  into  a  thin  film  (.005  -  .01-inch), 
laminated  to  the  desired  thickness,  and  fired  to  1170*C  for  one  hour  on 
zlrconla  setters. 


The  initial  work  in  this  study  was  aimed  at  the  forming  or  cutting,  of 
the  ceramic  disc  prior  to  firing  of  the  body.  The  tolerances  neeessary 
for  the  final  piece,  with  respect  to  the  diameter  of  the  disc,  dictated 
forming  (cutting)  after  fixing.  This  was  accomplished  by  means  of  ultra¬ 
sonic  cutting. 


3.5.4  Studies  of  Ceramic  Separator 


Various  fundamental  studies  of  the  ceramic  separator  were  performed.  These 
studies  were  conducted  to  consider  corrosion  by  the  salts  (both  under  static 
and  dynamic  conditions),  as  well  as  dc  conductivity  of  the  separator. 


Corrosion  was  measured  by  carefully  predetermining  the  dimensions  of  the 
ceramic,  exposing  the  ceramic  to  the  molten  salt  for  a  given  period  of 
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time,  cooling  (to  solidify  the  salt  around  the  ceramic),  and  cross  section¬ 
ing  through  the  ceramic.  This  allowed  careful  measurement  to  be  made  of 
the  area  of  ceramic  exposed  to  the  salt.  From  those  measurements  a  cor¬ 
rosion  rate  was  established. 


A  dc  conductivity  bridge  was  used  to  calculate  specific  resistance  of  the 
ceramic  separator.  Standard  electrochemical  conductivity  test  procedures 
were  followed.  Based  on  these  data  it  was  ascertained  that  a  specific 
change  Improves  the  quality.  When  the  nature  of  sodium-ion  mobility  had 
been  carefully  studied,  other  materials  were  studied.  All  the  monovalent 
cations  in  the  IA  group  of  the  Periodic  Chart  were  considered. 


It  is  well  known  that  the  diffusion  rate  of  potassium  is  lower  than  sodium. 
A  possible  explanation  is  the  difference  in  ionic  diameters. p  Pauling  has 
calculated  the  diameters  of  sodium  and  potassium  to  be  1.90  A  and  2.6 6  A 
respectively.  From  these  diameters,  potassium  is  volumetrically  2.8  times 
larger  than  sodium.  Therefore,  more  force  is  required  to  initially  move 
a  potassium  ion,  and,  according  to  Taylor  (ref.  27)  the  specific  resist¬ 
ance  will  be  higher,  as  shown  in  the  following  equation: 


log  p  - 

where  p  - 

A  * 
HC  - 
R  = 
T  = 


HC  ♦  A 
RT 

specific  resistance 
a  constant  for  a  given  glass 
energy  of  activation 
the  gas  constant 
absolute  temperature 


It  can  be  seen  from  this  equation  that  an  ion  having  a  larger  diameter, 
and  thus  having  a  higher  activation  energy,  will  have  a  higher  specific 
resistance.  The  dc  conductivity,  the  inverse  of  specific  resistance, 
will  be  lower.  It  is  also  apparent  that  an  increase  in  temperature  will 
result  in  an  increase  in  dc  conductivity. 


Candidates  for  this  study  vere  selected  according  to  the  following  char¬ 
acteristics: 


a.  Monovalence  -  The  direction  of  movement  is  in  opposition  to 
electric  charge;  therefore,  it  is  improbable  that  divalent  ions, 
even  maaller  ionic  diameters,  are  able  to  migrate  at  temperatures 
where  the  monovalent  ions  diffuse.  Divalent  ions,  such  as  calcium 
in  ziconates,were  studied  to  verify  this  theory. 
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b.  Ionic  diameter  smaller  than  I.90  A  -  These  Ions  require  lower 
energy  for  activation,  and,  therefore,  have  lower  specific  re¬ 
sistance  and  higher  dc  conductivity. 


Based  on  the  above  criteria,  lithium  was  selected  as  the  most  logical 
candidate.  Lithium  is  a  monovalent  ion  with  an  ionic  diameter,  as 
calculated  by  Pauling,  of  1.20  A.  This  volumetrically  is  less  than  l/2 
that  of  sodium;  hence,  it  requires  a  lover  activation  energy  resulting 
in  a  lover  specific  resistance  and  a  higher  dc  conductivity.  Lithium  is 
most  desirable  because  it  produces  a  minimum- weight  electrolyte.  The 
use  of  lithium  resulted  in  a  ceramic  separator  material  which  permitted 
rapid  diffusion  at  a  relatively  lov  activation  level  and  provided  a  cell 
capable  of  operating  satisfactorily  at  a  lover  temperature. 


3.5>^*2  Thermal  Coefficient  of  Expansion 


Initial  findings  indicated  that  the  thermal  coefficient  of  expansion 
of  the  ceramic  material  is  of  prime  Importance  in  sealing  the  sep¬ 
arator  to  the  experimental  cell  design.  This  fact  was  particularly 
important  in  the  physical  design  of  the  cell,  developed  to  demonstrate 
the  capacity  of  a  selected  couple. 


The  thermal  coefficient  of  expansion  of  the  ceramic  separator  is 
shown  in  Figure  22.  This  curve  shows  that  the  thermal  coefficient  of 
expansion  of  the  ceramic  is  approximately  10  times  that  of  fused 
quartz.  The  thermal  coefficient  of  expansion  of  this  ceramic  ma¬ 
terial  is  very  similar  to  that  of  standard  ceramic  bodies,  and  caused 
a  severe  separator-to-battery-housing  sealing  problem.  The  solution 
to  this  is  discussed  in  Section  3. 6. 2. 3. 


3. 5«**-3  Improvement  of  the  Ionic  Conductivity  of  the  Ceramic 
Separator 


In  an  electrochemical  cell  utilizing  molten-salt  electrolyte,  it  is 
essential  that  the  ceramic  separator  be  chemically  and  thermally 
resistant  and  possess  a  high  degree  of  "transparency"  to  the  movement 
of  the  sodium  ion.  By  means  of  present  techniques,  it  was  possible 
to  prepare  a  ceramic  separator  vhlch  permitted  mobility  of  potassium, 
silver,  or  lithium  ions. 


Improvement  of  the  ceramic  separator  characteristics  vas  attempted 
in  two  areas.  These  were: 


a.  improving  the  present  ceramic  body  by  introducing  the  soda 
(NSgSiOj)  in  another  form  ^and  the  removing  of  the  ball  and 
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kaolin  clay .  The  main  purpose  in  these  clays  was 

for  the  plasticity  required  In  slip  casting.  However,  In 
the  method  now  used  to  prepare  the  ceramic  separation  disc 
(Section  3*5.3) ,  the  organic  (toluene)  binder  replaces 
these  clays.  The  removal  of  these  clays  from  the  procedure 
eliminated  any  contaminants  from  the  clays. 

b.  Investigating  other  ceramics  capable  of  permitting  mobility 
of  a  single  ion  of  other  elements  from  the  IA  group  of  the 
periodic  chart. 

Examples :  lithium,  potassium 


3.5.5  Corrosion  Studies 


In  the  design  of  a  molten- salt  secondary  battery,  the  corrosion  rate  of 
the  molten  salt  on  the  various  materials  used  in  the  battery  construction 
must  be  known.  A  corrosion  study  which  exposed  the  various  materials  to 
the  molten  salts  for  approximately  one  week  was  initiated. 


3. 5 .5.1  MgClg,  NaCl  on  Frenchtown  4462  Alumina 


A  corrosion  study  was  made  on  Frenchtown  4462  alumina  since  the  pro¬ 
totype  battery  was  designed  to  be  contained  in  an  alumina  cylinder. 
The  alumina  was  cross  sectioned  after  four  days  exposure  to  a  molten 
Mg&2,  electrolyte.  Although  a  slight  decrease  in  the  outer 

skin  thickness  was  observed,  no  definite  conclusions  regarding  cor¬ 
rosion  could  be  made  from  these  initial  tests. 


3.5.5. 2  MgCl2,NaCl  on  Corning  7280  Class 


Corning  7280  glass  vas  considered  for  use  in  sealing  various  Joints. 
This  glass  was  subjected  to  the  molten  salt  for  two  hours  in  an 
argon  atmosphere,  and  significant  changes  were  observed,  the  pre¬ 
viously  clear  glass  became  very  cloudy,  the  veight  increased  slight¬ 
ly,  and  the  size  vas  reduced  slightly.  Cross-section  studies  show 
definite  attack  by  the  salt.  When  this  attack  was  recognized, 
attempts  vere  made  to  make  seals  with  (mother  sealer.  Although  a 
successful  try  vas  made  to  seal  the  ceramic  separator  directly  to 
the  alumina  by  means  of  green  ceramic  slip,  this  method  vas  discarded 
in  favor  of  the  procedure  described  in  Section  3. 6. 2.2. 
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5 • 5 * 5* 3  MgCl2,NaCl  on  the  Ceramic  Separator  (10-percent  IfegO) 


The  ceramic  separator  shoved  no  evidence  of  corrosion  by  the 
MgCJ^NaCl  electrolyte. 


3. 5 *6.1  Cell  Configuration  for  Resistivity  Measurement 


It  vas  necessary  that  the  resistivity  of  the  ceramic  separator  be 
determined  in  the  design  of  a  molten-salt  secondary  battery.  A  cell 
was  designed  for  the  purpose  of  determining  the  resistivity  of  the 
ceramic  separator.  Figure  23  illustrates  the  cell  configuration 
used  to  obtain  this  resistivity  measurement. 


The  cell  vas  constructed  vith  a  3/4-inch  diameter  by  10-inches  long 
Corning  7260  glass  tube.  Three  platinum  electrodes  vere  placed 
equidistant  from  each  other  in  the  glass  tube,  and  the  ceramic 
separator  vas  placed  between  two  of  the  electrodes.  The  electrolyte 
used  in  this  cell  design  was  a  48,52  mole-percent  MgClgjNaCl  eu¬ 
tectic.  An  ac  bridge  was  used  to  measure  the  cell  resistance. 


3. 5 -6. 2  Resistivity  Data 


The  value  of  the  resistance  of  the  ceramic  separator  was  obtained 
by  subtracting  the  difference  between  the  cell  resistance,  measured 
with  the  ceramic  separator,  and  the  cell  resistance  measured  without 
the  ceramic  separator. 


then: 

p  -  R  .  A 
t 

where: 

P  -  resistivity  (ohms/cm) 

2 

A  -  area  of  electrode  (cm  ) 
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FIGURE  23.  (HASS  CEIL  FOR  THE  MEASUREMENT  OF  RESISTIVITY  OF 


jl  -  distance  between  electrodes,  for  salt  resistivity  (cm) 

/  -  thickness  of  ceramic  separator,  for  separator  resistivity 
(cm) 

R  -  resistance  (ohms) 


Table  VII  shows  the  data  obtained  for  the  resistivity  of  the  ceramic 
separator  and  salt.  The  data  Indicate  that  the  ceramic  separator 
Is  the  limiting  factor  with  respect  to  resistivity,  but  not  neces¬ 
sarily  to  the  resistance  of  a  molten- salt  secondary  battery.  Figure 
2k  presents  a  plot  of  the  resistivity  of  the  ceramic  separator  versus 
temperature. 


Since  the  molten- salt  electrolyte  has  finite  resistivity,  the  area 
of  the  electrodes  and  the  distance  between  them  must  be  considered 
in  any  design  of  &  practical  molten-salt  secondary  battery  for  apace 
applications. 


3.6  MOLTEN- SALT  SECONDARY  BATTERY  DESIGN 


A  molten* salt  secondary  battery  was  fabricated  upon  conclusion  of  the  present 
program.  This  battery  consisted  of  two  cells  in  series.  The  design  objectives 
of  this  battery  were  as  follows: 


a.  capable  of  a  20-ampere  discharge  for  35  minutes  with  voltage  maintained 
at  2.6  volts,  ±20  percent. 

b.  capable  of  repeated  cycling  (a  mlnimun  of  five  cycles). 

c.  a  minimum  battery  weight  which  Is  a  function  of  design. 

d.  a  minimum  battery  volume  as  a  function  of  design. 

e.  capable  of  operation  in  any  position. 

f.  capable  of  operation  at  zero  gravity. 
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TABLE  VH 


.  RESISTIVITY  DATA  OF  THE  CERAMIC  SEPARATOR  (DATA  OBTAIHED  FROM  TWO 
DIFFER  WTT  CELLS) • 


CELL  X 

mff-T.  2 

Pt  electrode  area 

Pt  electrode  distance 

•  0.8  cm2 
=  4. 1+5  cm 

Pt  electrode  area 

Pt  electrode  distance 

2 

•  1.0  cm 
=  3.8l  cm 

■■■ 

Resistivity 
(ohm- cm) 

mm 

Resistivity 
(ohm- cm) 

B9 

Salt 

Separator 

Salt 

Separator 

500 

417 

430 

1.70 

4940 

510 

■9 

160 

440 

1.62 

4150 

525 

I 

- 

450 

1.55 

1760 

570 

“ 

450  ♦ 

- 

1040 

MT-103 
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(NO-MHO)  31133103  IO°N  *  2I3&W  30  11IAI1SIS3M 


(NO-NHO)  U0iVdVd3S  3MfWd33  JO  AllAUSIS3d 
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FIGURE  24.  RELATION  OF  REST 


3.6.1  SltctrodM 


3.6.1. 1  Anode 


The  battery  used  magnesium  aa  the  anode.  Magnesium  van  selected  in 
preference  to  aluminum  because  the  flourlde  eutectic  electrolyte, 
which  is  necessary  with  an  aluminum  anode  attacks  the  ceramic  separator. 
Magnesium  also  permitted  the  use  of  a  MgCl„,NaCl?  eutectic  electrolyte. 
If  aluminum  had  been  used,  the  use  of  a  Air. , NaF^eutectic  which  has 
a  melting  point  of  690*C  would  have  been  required.  This  temperature 
is  well  above  the  desired  operating  temperature  of  the  battery.  There¬ 
fore,  the  use  of  a  MgClgjNaCl  eutectic, whose  melting  point  is  U50*C, 
permitted  the  operation  of  the  battery  within  a  reasonable  temperature. 


3.6. 1.2  Cathode 


A  cathode  made  of  either  N10  or  NiClp  would  provide  the  highest  ampere- 
hour  and  watt-hour  per  unit  weight  of  material.  The  NIClg  cathode 
was  chosen  because  it  permitted  the  use  of  a  chloride  electrolyte 
(MgCl2,NaCl)  Instead  of  a  sulfate  electrolyte  which  would  have  been 
required  if  an  oxide  cathode,  such  as  NiO,  were  selected.  The  melting 
point  of  the  sulfate  electrolyte  is  greater  than  the  melting  point  of 
the  magnesium  electrode.  Therefore,  a  sulfate  electrolyte  was  un¬ 
desirable  because  it  would  necessitate  the  use  of  a  molten,  rather  than 
a  solid,  anode.  The  battery  was  designed  to  operate  at  a  minimum  of 
1*50* C  (melting  point  of  electrolyte)  and  a  maximum  of  6^0*C  (melting 
point  of  magnesium). 


3.6.2  Mechanical  Design 


3. 6. 2.1  Geometry 


The  geometry  of  the  cell  was  limited  by  the  size  to  which  the  ceramic 
separator  could  be  fabricated.  The  cell  was  designed  to  produce  a 
minimum  resistance  of  the  separator  and  molten-salt.  A  3.5-inch- 
diameter  ceramic  separator  with  a  minimum  thickness  of  0.015-lncb  was 
the  largest  size  of  ceramic  separator  that  could  currently  be  made. 


The  cells  were  cylindrical  in  shape  with  a  radius  of  about  3.5  inches. 
The  distance  between  the  electrodes  was  approximately  0.5-lnCh. 


Electrolyte  volume  was  critical  because  cycling  involved  a  transfer  of 
SaCl  toward  the  cathode  and  affected  the  mole  percent  and  the  melting 
point  of  the  electrolyte. 
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BrazlngTechnlgue :  One  BT-alloy  vaaher  (0.900-lneb  ID,  1.125-inch  OD 
and  0.00 5 -Inch  thick)  vu  used  for  each  braze.  To  facilitate  vetting, 
a  3/8- inch -vide  band  vas  nickel  plated  around  the  center  hole  in  the 
seal  cover.  The  shoulder  of  the  pour  hole  vas  also  nickel  plated. 
Nickel  approximately  0.001-inch  thick  vas  used.  These  brazes  vere 
made  in  the  sane  Hoskins  furnace  vith  a  live  hydrogen  atmosphere.  The 
braze  zone  vas  operated  at  800*c.  A  10-minute  preheat,  25-minute  braze, 
and  two-hour  cooling  cycle  vas  used. 


Assembly  Jfoaze 


Set  Up:  The  ceramic  separator  vas  mounted  between  the  sd-umina  cyl¬ 
inders  and  the  cylinders  Joined  vith  7/l6-inch  vide,  0.005-inch  thick 
Kovar  band,  cut  long  enough  to  permit  a  l/2-inch  overlap  and  plated 
vith  .002- inch  nickel  to  facilitate  vetting  of  the  braze. 


Before  brazing,  a  ceramic  separator  was  placed  betveen  two  cylinders, 
each  of  vhlch  had  shoulder  pieces  attached.  A  BT-brazing  alloy  strip, 
vider  and  longer  than  the  Kovar  band,  vas  wrapped  around  the  Joint 
betveen  the  two  cylinders.  The  Kovar  band  vas  wrapped  over  the  BT- 
alloy.  After  centering  the  bands  over  the  metalized  area  on  the  cyl¬ 
inders,  they  vere  bound  snugly  by  wrapping  the  outside  vith  several 
turns  of  .020-inch  nickel  vire.  Two  turns  of  .015-inch  BT-alloy  wire 
vere  wrapped  around  each  edge  of  the  Kovar  strip  to  provide  supple¬ 
mentary  braze  material  to  insure  a  fillet  at  the  edge.  A  two- turn 
wrapping  of  .020-inch  molybdenum  vire  vas  made  at  the  lover  edge  of 
the  metalized  area.  This  wrapping  prevented  the  Kovar  band  from  slip¬ 
ping  as  the  braze  material  melted. 


Brazing  Technique:  Previous  experience  had  demonstrated  the  necessity 
of  heating  the  ceramic  separators  slowly  to  prevent  cracking.  The 
assembly  braze  was  made  in  a  periodic-type  furnace  of  RCA  design  vhlch 
could  be  heated  and  cooled  slowly.  This  furnace  had  an  Inconel  muffle 
approximately  8  x  12  x  36  inches  and  vas  Globar  heated.  The  maximum 
power  cons\aptlon  vas  40  KVA.  Separate  top  and  bottom  temperature 
controllers  vere  provided. 


for  brazing,  the  assembly  vas  located  centrally  in  the  sniffle  by 
blocking  it  up  on  stainless  steel  supports.  The  furnace  vas  closed 
and  flushed  vith  dry  hydrogen  at  a  flow  rate  of  15  to  18  cubic  feet 
per  hour.  After  30  minutes,  the  furnace  vas  heated  to  500*F,  held 
15  minutes,  raised  to  750*P,  and  held  for  15  minutes.  This  schedule 
was  continued  to  1500*7,  using  250*7  increments  and  15-minute  holds. 
After  the  hold  at  1500*7,  the  temperature  was  raised  to  1700*7  and 
held  for  30  minutes.  The  cooling  program  duplicated  in  reverse  the 
cycle  used  for  heating.  The  dry-hydrogen  flow  vas  maintained 
throughout  the  heating  and  cooling  cycles. 
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The  amount  of  sodium  chloride  transferred  is  a  function  of  the  extent 
of  cell  charge  or  discharge.  In  the  battery,  the  amount  of  electro¬ 
lyte  was  equal  to  the  minimum  amount  required  to  maintain  the  NaCl: 
MgClo  ratio  and  to  keep  the  electrolyte  molten  at  550*C  at  all  states 
of  charge.  This  necessitated  a  volume  of  electrolyte  of  approximately 
10  cubic  inches.  Since  the  diameter  of  the  cell  was  fixed  at  3.5 
Inches,  the  minimum  width  of  both  the  anode  and  cathode  compartments 
was  limited  to  one  inch.  If  the  electrodes  vere  kept  two  inches  apart, 
the  voltage  drop  would  be  excessive  because  of  the  resistivity  of  the 
molten-salt.  In  order  to  provide  a  sufficient  quantity  of  electrolyte, 
without  a  large  voltage  drop,  the  cell  configuration  shown  in  Figure 
25  was  designed. 


3.6. 2. 2  Fabrication  Methods 


Kovar  Shoulder- to- Alumina  Cylinder  Braze 


Jigging:  To  center  the  alumina  cylinders,  or  the  Kovar  shoulder  pieces, 
small  nickel  tabs  vere  spot  welded  to  the  Kovar.  Three  or  four  tabs, 
which  measured  approximately  3/16  x  l/2  x  .005  inches,  were  bent  per¬ 
pendicular  to  the  Kovar  to  form  a  nest  into  which  the  cylinder  was 
inserted.  The  braze  material  was  melted,  and  the  nickel  tabs  were 
brazed  rigidly  into  place. 


An  external  clamp  made  from  l/2- inch-thick  cold- rolled  steel  was  uBed 
to  prevent  the  Kovar  shoulder  piece  from  warping  during  the  braze  cycle. 
To  prevent  the  brazed  assembly  from  sticking  to  the  clamp,  a  powdered 
alumina  release  agent  was  painted  on  the  clamping  surfaces. 


Brazing  Technique:  Two  copper  washers,  3-inch  ID,  3-1/2- inch  0D  and 
0.005-lnch  thick  were  used  to  make  each  braze,  and  were  held  in  place 
by  the  nickel  tabs  which  centered  the  alumina  cylinders. 


The  brazing  was  done  in  a  Hoskins-type  furnace  using  a  hydrogen  at¬ 
mosphere.  This  furnace  is  a  push-through  type  with  preheat,  braze, 
said  cooling  zones.  The  braze  zone  was  operated  at  1130*C  to  make 
these  copper  brazes.  The  heating  cycle  vas:  10  minutes  In  preheat 
zone,  25  minutes  in  braze  section,  and  two  hours  in  cooling  zone. 


Pour  Hole -to- Seal.  Cover  Braze: 

Ihe  pour  bole  piece  vas  designed  with  a  shoulder  so  that  it  was  self 
Jigging  in  the  center  hole  of  the  Kovar  seal  cover.  To  prevent  the 
seal  cover  from  warping,  a  similar  clamping  Jig  to  that  described  above 
was  used  with  a  release  agent  to  prevent  sticking. 
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FIGURE  25.  CEIL  CONFIGURATION  OF  Mg-NiClg/Ni  MOLTEN- SALT  SECONDARY 


Electrode  Attachment :  Electrode  spiders  vere  veiled  to  the  Kovar 
shoulders  vith  an  ASCO  20-KVA  spot  velder,  model  MXFR20-18.  A  one- 
second  veld  tine  vas  used  with  3/l6-inch  diameter  electrodes,  at  a 
transformer  setting  of  two.  it  Is  essential  In  welding  the  spiders 
that  Intimate  contact  be  maintained  between  the  metal  parts  before 
the  power  Is  applied.  Poor  contact  will  result  In  a  weak  veld  or 
a  burn-through  In  the  material. 


Seal  Cover-to- Shoulder  Rellarc  Weld 


Jigging:  Hie  seal  covers  with  pour  holes  were  heliarc-velded  to  the 
shoulders.  A  Jig  vas  used  vhlch  vas  designed  to  keep  heat  from 
reaching  the  brazed  joint  between  the .alumina  cylinder  and  the  shoulder 
piece.  This  jig  also  supplied  sufficient  load  to  the  Kovar  sheets  to 
keep  them  flat  and  in  intimate  contact.  Two  spacer  washers  were  used 
on  each  end  to  build  up  the  edge  thickness  to  compensate  for  the  elec¬ 
trodes.  The  jig  vas  mounted  on  a  turntable  which  rotated  at  about 
1.3  rpm. 


Welding:  A  Miller,  Model  320A  BP- La,  ac-dc,  inert-gas  velder  vas  used 
for  this  operation.  It  vas  operated  on  straight-polarity  dc  on  the 
10- 160-ampere  tap  with  a  current  setting  of  5k.  An  Argon  gas  flow 
of  10  cubic  feet  per  hour  vas  used.  Hie  high-frequency  start  and 
remote-control  operational  modes  vere  used. 


After  the  piece  vas  centered  on  the  turntable,  the  electrode  vas 
mounted  about  l/l6-inch  from  the  edge  of  the  Kovar  pieces.  The  turn¬ 
table  vas  started,  and  the  arc  vas  struck.  Minor  adjustments  to  the 
arc  intensity  vere  made  by  the  operator  who  used  a  foot-control  switch. 
As  the  turntable  rotated  slowly,  the  arc  melted  the  four  thickness 
of  Kovar  and  made  a  perfect  veld  Joint. 


Pour^Hole  Sealing 


The  male  and  female  pour-hole  pieces  vere  designed  with  narrow  ridges 
on  the  mounting  surfaces.  When  the  insert  wsus  tightened  against  the 
gold  seed  ring,  these  ridges  cut  into  the  soft  gold  and  formed  an 
hermetic  seed.  Gold  vas  selected  because  of  its  ductility  and  its 
ability  to  cold  veld  to  the  stainless  under  high  pressures.  Joints 
vith  this  basic  design  have  been  used  in  high-vacuum  systems  where 
the  demountable  feature  is  required. 
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3*6.3  Electrochemical  Design 


The  following  electrochemical  deaign  was  used  for  aaeh  cell  of  the  molten- 
ealt  secondary  battery. 


Electrodes : 
Anode 


Cathode 


Electrolyte : 
Anolyte 
Catholyte 


Magnesium  -  6  grams,  0.020-inch  thick 
riveted  on  Kovar  as  shown  in  Figure  25, 

Nickel  -  30  grams,  0.020- inch  thick  clad 
on  Kovar  as  shown  in  Figure  25. 


150  grams  MgClg,  100  grams  NaCl. 

135  grams  MgCl„,  90  grams  NaCl,  25  grams 
NiClg. 


The  anolyte  and  catholyte  were  added  to  the  cell  in  the  solid  state.  With 
these  materials,  a  difference  in  volune  occurred  between  the  solid  and 
liquid  phases  of  the  eutectics.  The  cell  compartments,  therefore,  had  to 
be  filled  partially,  then  brought  to  the  melting  temperature  of  the  eu¬ 
tectic,  and  allowed  to  cool  and  solidify.  The  remaining  salts  were  then 
added.  This  procedure  was  continued  until  all  of  the  required  electrolyte 
was  introduced.  Although  time  consuming,  this  method  of  filling  proved 
to  be  satisfactory. 


3.6. U  Initial  Heat  Input  vs.  Eeat  Output 


The  quantity  of  heat  input  necessary  to  bring  the  cell  described  above  to 
operating  temperature  is  calculated  below  and  compared  with  actual  cell 
output.  These  calculations  are  based  on  an  ambient  temperature  of  25*C. 


Formula: 

Q  =  W  x  c  x  at 
where: 

Q  =  Eeat  input  (calories) 

W  ■  Weight  of  major  materials  in  cell  (grams) 
c  •  Specific  heat  of  major  cell  materials 
s  ffhaaga  in  temperature  from  ambient  (*C) 

6h 


at 
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Material 

Weight 

(g) 

Specific  Heat 

at 

Cc) 

Heat  Input 
(calories) 

Magnesium 

6 

.07 

525 

200 

Nickel 

30 

.10 

525 

1575 

Electrolyte 

500 

.20 

525 

52500 

Alumina  Housing 

200 

.20 

525 

21000 

Total  •  75295  calories 


Heat  Input  ■  75 >295  calorie* 

860  calories/ watt -hour 

Heat  Output  3  1.6  volts  x  20  amp -hours 

Heat  Output  x  100  percent  =  32  x  100 

87.5 


=87.5  watt-hours 

-  32  watt-hour* 

3  35.4  percent 


3-6.5  Heat  Lose  Due  to  Cell  Radiation 


An  important  factor  in  the  design  of  a  molten  salt  secondary  battery  is 
the  calculation  of  the  heat  loss  of  the  battery  due  to  cell  radiation. 
Assuming  that  the  sink  temperature,  Ts,  is  equal  to  0*K,  and  the  operating 
temperature,  T0,  i*  equal  to  550*C  or  823*K,  then  by  means  of  the  following 
formula,  the  calculation  may  be  made. 

Formula: 

K  k 

4  =  ACX  0(t£  -  T*) 

where: 

A  3  outer  surface  area  of  cell  in  square  Inches 
Oc.  s  1.1  x  10'12  watt/in2 
On  0.03  emisslvlty  of  silver  mirror 
Tg  3  sink  temperature  (negligible) 

Tq  3  absolute  operating  temperature  in  *K. 
d  3  diameter  (inches) 
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Q  S  AOcCTt^ 

A  =  2lfd-»  2(7Tdg) 

4 

A  «  27HC3.5)  X  27f(3.5g) 

4 

A  «  4l  square  inches 

Q  s  41  x  1.1  x  10"12  x  (8.23)1*  x  108 

Q  »  41  x  1.1  x  10-12  x  4.6  x  10U 

Q  *  21  watts  (radiation  loss  if  sink  temperature  were 

absolute  zero) 


The  above  radiation  loss  is  within  10  percent  of  the  loss  that  would 
occur  if  the  sink  temperature  were  at  25*C. 
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4.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  present  contract  has  demonstrated  the  desirable  advantages  of  using  the 
high-capacity  anode  and  cathode  materials  coupled  with  a  molten-salt  electro¬ 
lyte  for  the  development  of  new  secondary  batteries.  In  order  that  this  con¬ 
cept  be  further  exploited,  the  following  recommendations  for  future  work  are 
presented.  A  future  program  should  include  the  three  following  phases  with 
their  respective  objectives. 


4.1  RESEARCH  PHASE 


A  program  is  required  which  will  enlarge  the  scope  of  the  various  anode-cathode 
combinations  which  were  investigated  in  this  sxudy.  This  will  determine  the 
limiting  factors  in  high-current  applications.  The  development  of  a  practical 
molten-salt  secondary  battery  is  dependent  upon  gaining  a  thorough  understanding 
of  the  function  of  the  chemical  reactions  taking  place  during  charge  and  dis¬ 
charge  conditions. 


A  fundamental  study  should  be  undertaken  to  determine  the  effectiveness  of  a 
ternary  eutectic  electrolyte  in  reducing  the  operating  tenperature  of  a  molten- 
salt  secondary  battery. 


A  research  program  is  necessary  for  the  development  of  a  ceramic  separator 
which  can  replace  the  mobile  sodium  ions  with  mobile  lithium  or  oxygen  ions. 

A  lithium-ion  permeable  ceramic  separator  is  most  desirable  because  it  will 
permit  the  use  of  lithium  as  an  anode  thereby  leading  to  a  lighter  weight 
electrolyte.  The  lithium-ion  separator  will  also  permit  rapid  diffusion  at  a 
relatively  low  activation  level;  this  can  lead  to  the  development  of  cells 
capable  of  operating  satisfactorily  at  a  lower  tenperature . 


4.2  DEVEIDFMENT  PHASE 


A  detailed  characterization  is  required  of  the  various  couple  which  can  be 
used  with  molten-salt  electrolytes.  This  is  necessary  to  determine  the  perfor¬ 
mance  of  these  cells  for  use  in  secondary  batteries.  The  available  data  are 
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insufficient  to  permit  making  rec oomandationa  for  its  use  in  application  studies, 
A  satisfactory  developmental  program  will  include  the  following  areas  of  endeavor 


a.  increases  in  the  energy-to-weight  ratio  of  the  system. 

b.  design  of  efficient  power  electrodes. 

c.  design  of  a  minimum -weight,  minimum -volume  battery  package 
which  can  achieve  the  desired  operating  life  requirements. 

d.  establishment  of  techniques  to  obtain  and  maintain  the  desired 
operating  tenperature . 

e.  establishment  of  parameters  such  as  power  density,  energy 
efficiency,  and  charge  retention. 

4.3  SERVICE  TEST 


A  service-test  program  is  necessary  to  evaluate  molten-salt  secondary  batteries 
for  selected  applications.  This  program  will  provide  detailed  information  on 
their  performance  in  the  field,  and  should  be  initiated  as  soon  as  sufficient 
data  from  the  above  development  phase  are  available. 
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2  Chief  Signal  Officer 
Department  of  the  Army 
ATTIf:  SIGPD  8  bl 
Washington  25,  D.C. 

1  Chief  Signal  Officer 
Department  of  the  Army 
ATTN:  SIRRD 
Washington  25,  D.C. 

1  Ccemanding  General 

U.S.  Army  Electronic  Proving  Ground 
ATTN:  Technical  Library 
Fort  Buachuca,  Arizona 

1  Commanding  Officer 

U.S.  Army  Signal  Equipment  Support 
Agency 

ATTN:  SIGFM/ES-ADJ 
Fort  Monmouth,  New  Jersey 

1  Dr.  Adolf  Flshback  (Chairman) 
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Power  Sources  Division 
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U.S.  Army  Signal  R&D  laboratory 

Fort  Monmouth,  New  Jersey 

2  Mr.  P.  Rappaport 

U.S.  Army  Signal  Research 
&  Development  laboratory 
Fort  Monmouth,  New  Jersey 

3  U.S.  Continental  Amy  Command 
Liaison  Office 

U.S.  Army  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 

1  Commanding  Officer 

U.S.  Amy  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 
ATT:  SIOTM/KL-P 


1  commanding  Officer 

U.S.  Army  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 
ATT:  SIGFM/EL-IXB 

3  Commanding  Officer 

U.S.  Amy  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 
ATTN:  SIGFM/EL-PS 

1  Commanding  Officer 

U.S.  Army  Signal  R&D  Laboratory 
Fort  Monmouth ,  New  Jersey 
ATTN:  SIGFM/EL-LRS 

1  Conaanding  Officer 

U.S.  Army  Signal  R&D  laboratory 
Fort  Monmouth,  New  Jersey 
ATTN:  SIGPN/EL-LNR 

1  Conmandlng  Officer 

U.S.  Amy  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 
ATTN:  Technical  Documents  Center 

1  Comnanding  Officer 

U.S.  Amy  Signal  R&D  Laboratory 
Fort  Monmouth ,  New  Jersey 
ATTN:  Director  of  Research  or 
Aiglneerlng 

1  Officer 

U.S.  Army  Signal  R&D  Laboratory 
Fort  Monmouth,  New  Jersey 
ATTN:  SIOJM/EL-ADJ 

1  QASD  (R&D),  An  3E-1065 
The  Pentagon 
ATTN:  Technical  Library 
Washington  25,  D.C. 

1  Commanding  General 

Office  of  Ordnance  Research 

ATTN:  ORDOR-IR-PS 

Box  CM 

Duke  Station 

Durham,  North  Carolina 
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1  Cams ending  Officer  1 

Diamond  Ordnance  Fuse  Laboratories 
ATT*:  Library,  Rm  an.  Bldg  92 
Washington  25,  D.C. 

1 

1  Mr.  Robert  Goodrich 

Diamond  Ordb&nce  Ft- so  laboratories 
Connecticut  .\v<-  ?.•  m;  Ness  9t.,  H.W. 
Washington  25,  D.C. 

1 

1  Mr.  E.F.  Cogave U. 

Electrical  Power  Branch 
Engineering  RftD  Laboratory 
Port  Belvoir,  Virginia 

1 

1  Mr.  L.  Spao 

Chemicals  ft  Plastics  Division 
Quartermaster  Research  ft  Engineering 
Center  laboratories 

Natick,  Massachusetts  1 

1  Dr.  G.  Bands 

U.S.  Army  Transportation 

Research  ft  Sigineerlng  Ccnaand 

Port  Eustis,  Virginia  1 

1  Mr.  J.W.  Crellin 

Office,  Chief  of  Ordnance  ORDTB 

Pentagon,  Annex  NT.  2 

Washington  25,  D.C.  1 

1  Mr.  R.D.  Prince 

Mechanical  Engineering  Division 
Quartermaster  Research  and 

Engineering  Center  Labs  1 

Natick,  Massachusetts 

1  Mr.  J.  Barton e 

U.S.  Army  Transportation  1 

Research  and  Engineering  Ccnaand 
Port  Eustis,  Virginia 

1  Director  1 

U.S.  Naval  Research  Laboratory 
Code  202? 

Washington  25,  D.C. 


Commanding  Officer  ft  Director 
U.S.  Navy  Electronics  laboratory 
San  Diego  52,  California 

Mr.  Whitvell  Beat son 

Bureau  of  Naval  Weapons  (Code  RAAE-52) 

Department  of  the  Navy 

Washington  25,  D.C. 

Mr.  Milton  Knight 

Bureau  of  Naval  Weapons  (Code  RAAE-5U) 
Department  of  the  Navy 
Washington  25,  D.C. 

Mr.  F.O.  Viglotti 
Bureau  of  Ships  (Code  66o) 

Department  of  the  Navy 
Washington  25,  D.C. 

Mr.  James  B.  Trout 
Bureau  of  Ships  (Code  6605) 

Department  of  the  Navy 
Washington  25,  D.C. 

Mr.  W.H.  Pox 

Office  of  Naval  Research  (Code  425) 
Department  of  the  Navy 
Washington  25,  D.C. 

Dr.  Ralph  Roberts 

Office  of  Naval  Research  (Code  426) 
Department  of  the  Navy 
Washington  25,  D.C. 

Mr.  W.C.  Spindler 
Naval  Ordnance  Laboratory 
Corona,  California 

Mr.  P.  Cole 

Naval  Ordnance  Laboratory  (Code  WB) 
Silver  Spring,  Maryland 

OAR  (CRZK,  Mr.  F.X.  Doherty) 

Bid.  T-D 

Department  of  The  Air  Force 
Washington  25,  D.C. 
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1  RADC  (RCSGM,  Mr.  J.  McCormick) 
Orlffiss  AFB,  H.Y. 

1  SSD  (S3TRE) 

AT  Unit  Post  Office 

Los  Angeles  45,  California 

1  SSD  (SSTRE,  Lt.  Mattson) 

AF  Unit  Post  Office 
Los  Angeles  45,  California 

1  OAR  (CRZD,  Mr.  E.  Reeking) 

Bldg  T-D,  Dept,  of  The  Air  Force 
Washington  25,  D.C. 

30  A3TIA 

Arlington  Hall  Station 
Arlington  12,  Virginia 

50  Office  of  Technical  Services 
U.S.  Department  of  Cconerce 
Washington  25,  D.C. 

2  NASA 

ATTN:  Mr.  Walter  Scott 
1512  H.  Street,  H.W. 

Washington  25,  D.C. 

1  NASA 

Levis  Research  Center 
ATCN:  Dr.  Louis  Rosenblum 
21000  Brookpark  Road 
Cleveland  35 ,  Ohio 

1  NASA 

Marshall  Space  Flight  Center 
ATTN:  Mr.  E.H.  Cagle 

M-GfcC-EC-Bldg  4487 
Guidance  and  Control 
Huntsville,  Alabama 

1  Aerospace  Corporation 
P.0.  Box  95085 
Los  Angeles  45,  California 

1  Jet  Propulsion  Laboratory 

California  Institute  of  Technology 
4800  Oak  Park  Drive 
Pasadena,  California 


1  Dr.  T.P.  Dirkse 
Dept,  of  Chemistry 
Calvin  College 
Grand  Rapids,  Michigan 

1  Dr.  Arthur  Fleischer 
466  S.  Center  St. 

Orange,  Rev  Jersey 

3  Inland  Testing  Laboratories 

Division  of  Cook  Electric  Company 
1482  Stanley  Avenue 
Dayton,  (kilo 

1  Telecomputing  Corporation 
Power  Sources  Division 
3850  Olive  Street 
Denver  7,  Colorado 

1  Gulton  Industries,  Inc. 

Alkaline  Battery  Division 
ATTN:  Dr.  R.  Shair 
212  IXirham  Avenue 
Metuchen,  Hew  Jersey 

1  Lockheed  Missiles  ft  Space  Co. 

Div.  Lockheed  Aircraft  Corporation 
ATTN:  Dr.  J.E.  Chilton 
Sunnyvale,  California 

1  P.R.  Mallory  &  Company 
Attn :  Mr.  R.E.  Ralston 
3029  E.  Washington  St. 

Indianapolis  6, 

1  Delco  Remy  Division 

General  Motors  Corporation 
ATTN:  Dr.  J.J.  lander 
Anderson,  Indiana 

1  WPAFB,  ASNE 

1  WPAFB,  ASHY 

1  WPAFB,  ASNV 

1  WPAFB,  A9IG 

1  WPAFB,  ASNL 
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1  WPATB,  ASHR 
1  WPATB,  ASAD 
1  WPATB,  ASM! 

1  WPATB,  ASNP 
1  WPATB,  A SHC 
1  WPATB,  ASKS 
1  WPATB,  ASHX 
1  WPATB,  ASRB 
1  WPATB,  ASRO 
1  WPATB,  ASRS 
1  WPATB,  ASRC 
1  WPATB,  ASRIC 
1  WPATB,  ASRM 
1  WPATB,  MRO 
1  WPATB,  ASO 
1  WPATB,  AST 
1  WPATB,  ASZ 

1  WPATB,  ASAPRL  (Library 

3  WPATB,  ASAPTT  (Nr.  Thcoas) 

2  WPATB,  ASRMA 

25  WPATB,  ASRMTP-2  (V.S.  Bishop) 

3  WPATB,  ASRMOO 

1  WPATB,  ASEP 


ASD  TER  63-115 


